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DISPERSION AND DISPERSION SLOPE COMPENSATING 
FIBER AND OPTICAL TRANSMISSION SYSTEM UTILIZING SAME 



Field of the Invention 

[0001] The invention is directed to dispersion compensation fibers for use in 
telecommunication systems, and more particularly, to optical fibers for compensating the 
dispersion and the dispersion slope of non-zero dispersion shifted fibers. 



Background of the Invention 

[0002] The increased demand for higher bit transmission rates has resulted in a large demand 
for optical transmission systems that can control dispersion effects. A linear analysis of 
common optical transmission systems indicates that while transmission systems can 
tolerate about 1,000 ps/nm residual dispersion at 10 Gbit/second, these systems tolerate 
only about 62 ps/rnn residual dispersion at a higher transmission rate of 40 Gbit/second. 
Therefore, it is apparent that it is important to accurately control the dispersion for high 
bit-rate transmission systems, and that this control becomes increasingly important as the 
transmission rate increases. Further, the need to accurately control dispersion means that 
dispersion slope of a transmission fiber must also be compensated as transmission rates 
approach 40 Gbit/second. 

[0003] Various solutions have been proposed to achieve the low dispersion and dispersion 
slope values required for compensating non-zero dispersion shifted fibers, including: 
photonic crystal fibers, higher order mode dispersion compensation, dispersion 
compensating gratings and dual fiber dispersion compensating techniques. Each of these 
solutions has significant drawbacks associated therewith. 

[0004] Photonic crystal fibers are designed to have a large negative dispersion and a negative 
dispersion slope that are close to those required for compensating non-zero dispersion 
shifted fibers. However, photonic crystal fibers have significant drawbacks including a 
relatively small effective area of about 10 yiVn or less that leads to unacceptably high 
splice losses and hence require the use of a transition or bridge fiber to reduce splice 
losses. In addition, due to the very nature of photonic crystal fibers, i.e. glass/air 
interfaces in the core of the fiber, the related attenuation is unacceptable in the 
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transmission window of interest due. Further, photonic crystal fibers are significantly 
difficult to manufacture on a large scale and are, therefore, expensive. 
[0005] Higher order dispersion mode compensation relies on the dispersion properties of 
higher order modes in the fiber. It has been demonstrated that higher order modes, e.g. 
LP02 and LPii, have higher negative dispersions and dispersion slopes than fundamental 
modes. Higher order mode dispersion compensation typically relies on the conversion of 
a transmitted fundamental mode to one of the higher order modes via a mode converter. 
Subsequently, this higher order mode is propagated in a fiber. After a finite distance, the 
higher order mode is converted back to the fundamental mode via a second mode 
converting device. Problems associated with higher order mode dispersion compensation 
solutions include inefficient mode converters and the difficulty of producing intermediate 
fibers that allow higher order mode transmission while resisting coupling to the 
fiindamental mode. 

[0006] Dispersion compensating gratings are utilized to achieve a required differential group 
delay via chirped gratings. Techniques utilizing dispersion compensating gratings have 
been shown to be useful only for narrow bands, as these techniques typically suffer from 
dispersion and dispersion slope ripple when the required grating length becomes large. 

[0007] Dual fiber dispersion compensating solutions for non-zero dispersion shifted fibers 
are similar to the dispersion compensating gratings techniques described above in that the 
dispersion compensation and the slope compensation are separately treated. Typically, 
dual fiber dispersion compensating techniques include the use of a dispersion 
compensation fiber followed by a dispersion slope compensation fiber. Such solutions 
require the use of a dispersion slope compensation fiber that compensates for a relatively 
small dispersion slope. Extensive profile modeling of optical fibers has resulted in well- 
established correlation between dispersion slope, effective area and bend sensitivity. By 
increasing the role played by waveguide dispersion in a given fiber, it is possible to 
decrease the slope and even create a negative slope in some cases. However, as the 
effective area is decreased, the bend sensitivity of the fiber is increased. Effective area of 
the fiber can be increased at the expense of further degradation of the bend sensitivity. 
Decreasing the dispersion slope, or making the dispersion slope negative, results in 
working very close to the cut-off wavelength of the fundamental mode, which in turn 
makes the fiber more bend sensitive and results in greater signal loss at long wavelengths, 
i.e., wavelengths greater than 1560 nm. As a resuh of these relationships, it is extremely 
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difficult to manufacture a viable compensation fiber that compensates both 
dispersion and dispersion slope. 

[0008] Heretofore, the most viable broad band commercial technology available to reduce or 
eliminate dispersion has been dispersion compensation fiber modules. As dense 
wavelength division multiplexing deployments increase to 16, 32, 40 and more channels, 
broadband dispersion compensating products are desired. Telecommunication systems 
presently include single-mode optical fibers which are designed to enable transmission of 
signals at wavelengths around 1550 nm in order to utilize the effective and reliable 
erbium-doped fiber amplifiers currently available. 

[0009] With continuing interest in higher bit-rate information transfer, i.e. greater than 40 
Gbit/second, ultra-long reach systems, i.e., systems greater than 100 km in length, and 
optical networking, it has become imperative to use dispersion compensation fibers in 
networks that carry data on non-zero dispersion shifted fibers. One such fiber is LEAF® 
optical fiber, manufactured by and available from Coming, Inc. of Coming, New York. 
LEAF® fiber is a positive non-zero dispersion shifted fiber that has become the optical 
fiber of choice for many new systems due to its inherently low dispersion and economic 
advantage over conventional single mode fibers. The dispersion curve for LEAF® fiber is 
very linear as a function of wavelength over the C and L wavelength bands, with a zero- 
dispersion wavelength of around 1501 nm. The linearity of the dispersion relation makes 
broadband dispersion compensation difficult, since the dispersion curves of prior art 
dispersion compensation fibers are only approximately linear. Specifically, the profiles 
of prior art dispersion compensation fibers previously used to compensate LEAF® fiber 
each suffer fi-om rather severe dispersion curvature as a fimction of wavelength that limits 
their application bandwidth. 

[0010] The combination of the early versions of dispersion compensation fibers with non- 
zero dispersion shifted fibers effectively compensated dispersion at only one wavelength. 
However, higher bit-rates, longer reaches and wider band widths require dispersion slope 
to be more precisely compensated over broad ranges of wavelength. Consequently, it is 
desirable for the dispersion compensation fiber to have dispersion characteristics such 
that its dispersion and dispersion slope are matched to that of the transmission fiber it is 
required to compensate over broad wavelength ranges. The dispersion and dispersion 
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slope matching characteristic described above is also indicative of multiple dispersion 
compensation fiber systems. 
[0011] Thus, it should be recognized that there is a need to compensate dispersion across the 
entire wavelength band of operation and not just at wavelengths near the center of the 
band as is common with many of the solutions currently being employed. Therefore, it 
would be desirable to develop an alternative dispersion compensating fibers and 
transmission systems having the abiUty to compensate for dispersion and dispersion slope 
of non-zero dispersion shifted fibers and other positive dispersion optical fibers over a 
wide wavelength band. 
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Summary of the Invention 
[0012] The present invention relates to a dispersion compensating fiber that compensates for 
dispersion and dispersion slope of a non-zero dispersion shifted fiber (NZDSF). The 
methods and apparatus disclosed herein enable accurate and substantially complete 
compensating for dispersion and dispersion slope in a NZDSF across a wide wavelength 
band. 

[0013] One embodiment of the present invention relates to a dispersion and dispersion slope 
compensating optical fiber that includes a segmented core and a cladding layer on the 
periphery of the core, wherein the fiber's refiractive index profile is selected to provide a 
dispersion having a maximum deviation of less than 7 ps/nm-km within a wavelength 
band of from about 1550 nm to about 1610 nm; more preferably, a maximum deviation of 
less than 5 ps/nm-km within the wavelength band of fix>m about 1550 nm to about 1610 
nm. The DC fiber preferably exhibits a fimdamental mode bend loss of less than or equal 
to 0.01 dB/km within the wavelength band of from about 1550 nm to about 1610 nm. 
Preferably also, the DC fiber according to the invention exhibits an effective area greater 
than or equal to 17 |Lim^ at 1580 nm. The DC fiber in accordance with the invention 
preferably exhibits a total dispersion more negative than -50 ps/nm-km at 1550 nm; 
preferably more negative than -75; and more preferably more negative than -120 ps/nm- 
km. The DC fiber in accordance with the invention preferably exhibits a total dispersion 
slope more negative than -2 ps/nm^-km at 1580 nm. 

[0014] In a first preferred embodiment, a segmented core of the dispersion compensating 
fiber includes a central core segment having a relative refi-active index, a depressed moat 
segment on the periphery of the central core segment and having a relative refractive 
index that is less than the relative refractive index of the core segment, and an outer 
radius. The segmented core also preferably includes an intermediate segment on the 
periphery of the depressed moat segment and having a relative refractive index that is less 
than the relative refractive index of the central core segment and greater than the relative 
refractive index of the depressed moat segment, and an outer radius. The segmented core 
preferably ftirther includes an annular ring segment on the outward of the moat and 
preferably located on the periphery of the intermediate segment and having a relative 
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refractive index that is greater than the relative refractive index of the intermediate 
segment, and a width. 

[0015] hi a second preferred embodiment, the segment core of the dispersion compensating 
fiber includes a central core segment having a relative refractive index, and a depressed 
moat segment on the periphery of the central core segment and having a relative 
refractive index that is less than the relative refractive index of the central core segment, 
and an outer radius. The segmented core preferably also includes a first intermediate 
segment on the periphery of the depressed moat segment and having a relative refractive 
index that is less than the relative refiractive index of the central core segment and greater 
than the relative refi-active index of the depressed moat segment, and an outer radius, and 
an annular ring segment on the periphery of the first intermediate segment and having a 
relative refractive index that is greater than the relative refractive index of the first 
intermediate segment and less than the relative refi-active index of the central core 
segment, and a width. The segmented core further preferably includes a second 
intermediate segment on the periphery of the ring segment and having a relative refi-active 
index that is less than the relative refractive index of the central core segment and greater 
than the relative refractive index of the moat segment, and an outer radius, and a gutter 
segment on the periphery of the second intermediate segment and having a relative 
refi-active index that is less than the relative refractive index of the second intermediate 
segment and greater than the relative refi-active index of the depressed moat segment, and 
an outer radius. The segmented core still further includes an outer clad on the periphery 
of the gutter segment and having a relative refractive index that is greater than the relative 
refractive index of the moat segment and less than the relative refiractive index of the 
second intermediate segment. 

[0016] According to a fiirther embodiment, a dispersion compensating optical fiber is 
provided having a refiractive index profile with a central core segment having a positive 
relative refiractive index; a depressed moat segment on a periphery of the central core 
segment and having a relative refractive index that is more negative than -1.2 %; and an 
annular ring segment outward from the depressed moat segment and having a relative 
refiractive index that is greater than 1.2 %. 



[0017] The present invention also includes optical communication systems employing 
dispersion compensation fibers and modules in accordance with the embodiments 
described above. 

[0018] Additional features and advantages of the invention will be set forth in the detailed 
description which follows and will be apparent to those skilled in the art from the 
description or recognized by practicing the invention as described in the description 
which follows, together with the claims and appended drawings. 

[0019] It is to be understood that the foregoing description is exemplary of the invention only 
and is intended to provide an overview for understanding the nature and character of the 
invention as it is defined in the claims. The accompanying drawings are included to 
provide a further understanding of the invention and are incorporated and constitute part 
of this specification. The drawings illustrate various features and embodiments of the 
invention, which, together with their description serve to explain the principles and 
operation of the invention. 
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Brief Description of the Drawings 
[0020] Fig. 1 is a schematic cross-sectional end view of an DC fiber embodying the present 
invention. 

[0021] Fig. 2 is a diagram of a refractive index profile (delta % vs. radius) of a first 

embodiment of the DC fiber in accordance with the present invention. 
[0022] Fig. 3 is a plot of dispersion vs. wavelength of a system including a 100 km length of 

NZDSF an embodiment of the DC fiber in accordance with the present invention. 
[0023] Fig. 4 is a diagram of a refiractive index profile (delta % vs. radius) of another 

embodiment of the DC fiber in accordance with the present invention. 
[0024] Fig. 5 is a plot of dispersion vs. wavelength for a system including 100 km of NZDSF 

and an embodiment of the DC fiber in accordance with the present invention. 
[0025] Fig. 6 is a schematic view of a fiber optical transmission system employing an DC 

fiber in accordance with the present invention. 
[0026] Fig. 7 is a schematic view illustrating the deviation in dispersion vs. wavelength of the 

DC fiber in accordance with the present invention. 
[0027] Fig. 8 is a schematic view of deviation vs. wavelength of the DC fiber of the present 

invention. 

[0028] Fig. 9 is a schematic view of dispersion vs. wavelength of the DC fiber of the present 
invention illustrating the projected zero dispersion crossing. 

Detailed Description of the Preferred Embodiment 
[0029] For purposes of the description herein, it is to be understood that the invention may 
assume various alternative orientations and step sequences, except where expressly 
specified to the contrary. It is also to be imderstood that the specific devices and 
processes illustrated in the attached drawings, and described in the following specification 
are exemplary embodiments of the inventive concepts defined in the appended claims. 
Hence, specific dimensions and other physical characteristics relating to the embodiments 
disclosed herein are not to be considered as limiting unless the claims expressly state 
otherwise. 
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Definitions 

[0030] The following definitions and terminology are commonly used in the art. 

- The radii of the segments of the core is defined in terms of the index of refiraction of 
the material of which the segment is made. A particular segment has a first and a last 
refi-active index point. A central segment has an inner radius of zero because the first point of 
the segment is on the center line. The outer radius of the central segment is the radius drawn 
from the waveguide center line to the last point of the refi*active index of the central segment. 
For a segment having a first point away from the center line, the radius of the waveguide 
center line to the location of its first reflective index point is the inner radius of that segment. 
Likewise, the radius fi-om the waveguide center line to the location of the last refractive index 
point of the segment is the outer radius of that segment. 

- The segment radii may be conveniently defined in a number of ways. In this application, 
radii are defined in accord with the figures, described in detail below. 

- The definitions of segment radius and refractive index, used to describe refractive index 
profile, in no way limit the invention. 

- The effective area is generally defined as, 

wherein the integration limits are 0 to qo, and E is the electric field associated with the 
propagated Kght. 

- The relative refi-active index of a segment, A% , as used herein, is defined by the equation, 

A% = 100x(«.'-«/)/2n/, 
where is the maximum refractive index of the index profile segment denoted as i, and n , 
the reference refractive index, is taken to be the refi-active index of the clad layer. Every 
point in the segment has an associated relative index. The maximum relative index is used to 
conveniently characterize a segment whose general shape is known. 

- The term relative refi-active index profile or index profile is the relation between A% or 
refractive index and radius over a selected segment of the core. 

- The bend resistance of a waveguide fiber is expressed as induced attenuation under 
prescribed test conditions. In the present appUcation, bend loss was measured by winding the 
present inventive compensating fiber about a hub having a 4 inch diameter. 

- The relationship between a transmission fiber and a dispersion compensating fiber that 
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substantially completely compensates for the dispersion of the transmission fiber at a 
particular wavelength follows the general equation of: 

wherein D^^A) is the dispersion of the dispersion compensating fiber at a particular 
wavelength, L^^ is the length of the dispersion compensating fiber, Dj(A.) is the dispersion of 
the transmission fiber at a particular wavelength, A is a particular wavelength in the optical 
transmission band, and Lj. is the length of the transmission fiber (e.g., a NZDSF). From the 
foregoing it should be recognized that for compensation over a broad wavelength range, the 
equation above must hold substantially true over the wavelength range of interest. 
- The desired relationship of the k of the optical fibers in a transmission line is as follows: 

wherein ^j-^^W is the k value for the dispersion compensating fiber, D^^ is the dispersion for 
the dispersion compensating fiber, 5"^^ is the dispersion slope for the dispersion compensating 
fiber, K^k) is the k value for the transmission fiber, is the dispersion for the transmission 
fiber, and Sj.\s the dispersion slope for the transmission fiber. 

[0031] The dispersion compensating (DC) fiber according to the invention described and 
disclosed herein has a generally segmented structure, as shown in Fig. 1. Each of the 
segments is described by a refiractive index profile having a relative refi-active index 
percent. A., and an outside radius, r. The subscript i for r and A refers to a particular 
segment. The segments are numbered Tj through r^ begiiming with the innermost segment 
that includes the fiber's longitudinal axis center line. A clad layer having a refractive 
index of n^ surrounds the DC fiber. In the example illustrated in Fig. 1, a DC fiber 10 
includes a central core segment 12 having an outer radius Tj, a depressed moat segment 14 
surrounding the central core segment and having an outer radius x^, an intermediate 
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segment 16 having an outer radius r^, an annular ring segment 18 outward from the 
moat segment and intermediate segment having an outer radius r^, and a cladding layer 20 
having an outer radius r^. The illustrated radii dimensions of the DC fiber 10 in Fig. 1 are 
exaggerated for clarity and, thus, are not drawn to scale. 

[0032] Preferably, central core and annular ring segments 12 and 18 are formed using 
germanium-doped SiO^, although other forms of index of refraction increasing dopants 
may also be employed to achieve the DC fibers disclosed herein, so long as the same 
general refractive profile is achieved. Likewise, depressed moat segment 14 is preferably 
formed using fluorine-doped Si02, however, other index of refraction decreasing dopants 
may be employed besides fluorine, such as B2O3. Cladding layer 20 is preferably formed 
of substantially pure silica, however, cladding layer 20 may also include index of 
refraction increasing or decreasing dopants, so long as the relationship between the A 's 
within the refractive index profile of the associated DC fiber is maintained. Further, 
segments within the profile of DC fiber 10 displaying a positive relative refractive index 
may also include fluorine as a co-dopant therein, thereby reducing the final water content 
in the associated fiber segment. 

[0033] A relative index profile of a first embodiment of DC fiber 10 is illustrated in Fig. 2, 
which shows relative refractive index percent (as compared to cladding) charted versus 
the DC fiber radius. Although Fig. 2 shows only four discrete segments, it is understood 
that the functional requirements may be met by forming a dispersion compensating (DC) 
fiber having more or less than four segments. However, embodiments having fewer 
segments are usually easier to manufacture and are therefore preferred. Further, the DC 
fiber 10 may be constructed via a variety of methods mcluding, but in no way limited to, 
vapor axial deposition (VAD), modified chemical vapor deposition (MCVD), plasma 
chemical vapor deposition (PCVD), and outside vapor deposition (OVD). Preferably, the 
DC fiber 10 is formed by PCVD methods. 

[0034] The central core segment 12 of the DC fiber 10 according to the invention has a 
maximum central core segment relative refractive index percent 20, A, , of greater than 
1.1% and preferably within the range of from about 1.1% to about 1.7%; more preferably 
within the range of from about 1.26% to about 1.54%; and most preferably within the 
range of from about 1.33% to about 1.47%. Central core segment 12 also has an outer 
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radius 30, r,, within the range of from about 1.7 to about 2.7 ^m; more 

preferably within the range of from about 1.98 ]im to about 2.42 |j,m; and most preferably 
within the range of from about 2.09 ^m to about 2.31 |im. The radius 30, r, , is defined 
by the intersection of the profile of central core segment 12 with the horizontal axis 19 
corresponding with the profile of cladding layer 20, i.e., A% = 0 as a reference. 

[0035] The depressed moat segment 14 of DC fiber 10 is formed on the outer periphery of 
core segment 12 and has a minimum moat relative refractive index percent 22, Aj, of 
within the range of from about -0.6% to about -0.9%; more preferably within the range of 
from about -1.43% to about -1.00%; and most preferably within the range of from about - 
1.37% to about -1.23%. Further embodiments of the invention include a minimum moat 
(at its deepest point) relative refractive index percent 22, Aj, more negative than -1.2%. 
Moat segment 14 has an outer radius 32, t^, within the range of from about 3.4 |im to 
about 5.2 ^m; more preferably within the range of from about 3.87 jam to about 4.73 ^m; 
and most preferably within the range of from about 4.09 jxm to about 4.52 ^m. The outer 
radius 32, r^, of the moat segment 14 is defined by the intersection of moat segment 14 
and intermediate segment 16. In the illustrated example, the outer radius 32, r^, is defined 
by the intersection of the profile of moat segment 14 with the horizontal axis 19 
corresponding with the profile of cladding layer 20, i.e., A% = 0 as a reference. 

[0036] The intermediate segment 16 of DC fiber 10 may be formed on the outer periphery of 
the moat segment 14 and has a relative refractive index percent, A3 , within the range of 
from about -0.1% to about 0.1%; and more preferably within the range of from about 
0.0% to about 0.1%. Intermediate segment 16 also has an outer radius 34, r^, within the 
range of from about 4.9 ^m to about 7.5 ^m; more preferably within the range of from 
about 5.58 ^m to about 6.82 \im; and most preferably within the range of from about 5.89 
fxm to about 6.51 ^m. The outer radius 34, r^, is the intersection of intermediate segment 
16 and ring segment 18. As illustrated in Fig. 2, the outer radius 34, is defined by the 
intersection of the profile of ring segment 18 with horizontal axis 19 corresponding with 
the profile of cladding layer 20, i.e., A% = 0 as a reference. 

[0037] The annular ring segment 18 of the DC fiber 10 is formed outward of the moat 
segment 14 and preferably on the periphery of intermediate segment 16 and has a 



13 

maximum relative refractive index percent 20, A4, within the range of from 
about 1.0% to about 1.9%; more preferably greater than 1.2%; and preferably of within 
the range of from about 1.40% to about 1.71%; and most preferably within the range of 
from about 1.47% to about 1.63%. Ring segment 18 also has a width 36 within the range 
of from about 0.7 jj,m to about 1.2 fim; more preferably of within the range of from about 
0.86 \im to about 1 .05 nm; and most preferably of within the range of from about 0.90 
(im to about 1.00 |xm. The width 36 of ring segment 18 is defined by the distance 
between the two points of intersection between the profile of ring segment 18 with 
horizontal axis 19 corresponding with the profile of cladding layer 20, i.e., A% =0 as a 
reference. 

[0038] The outer radius, r^, of ring segment 18 is also the inner radius of cladding layer 20. 
Cladding layer 20 surrounds ring segment 18 and has a relative refractive index percent, 
, of approximately 0%, and an outer radius, r , of about 62.5 ]im. A coating (not 
shown) is typically applied to the periphery of the DC fiber 10 and may comprise a two- 
modulus coating as is conventional, or any other suitable coating. 

[0039] As should be apparent, the DC fiber 10 of the present invention exhibits nearly Hnear 
dispersion within a wavelength band of from about 1550 nm to about 1610 nm. This 

overall dispersion is illustrated in Fig. 3, which illustrates the overall dispersion for a 100 

® 

km span of LEAF versus wavelength of the signal to be compensated. Specifically, Fig. 
3 shows the values for overall dispersion 40, as well as a positive overall deviation 42 and 
negative overall deviation 44 therefix)m. As shown in the illustrated example of Fig. 3, 
the system has a dispersion has a overall deviation as measvired from line 42 to 44 of 

equal to or less than 40 ps/nm-km within a wavelength band of from about 1550 nm to 

® 

about 1610 nm. The linearity of the dispersion for the combination of LEAF fiber and 

the DC fiber 10 in accordance with the invention illustrates significant overall matching 

® 

of the dispersion slopes of LEAF fiber with the DC fiber 10 over the wavelength range 
of interest. 

[0040] The bend loss of the fimdamental mode of the profile for the DC fiber 10 with a 
standard 125 micron cladding diameter is extremely small. Specifically, the calculated 
bend loss of DC fiber 10 on a 4-inch diameter hub within the wavelength band of within 
the range of from about 1550 nm to about 1610 nm is better than 0.01 dB/km. 
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[00411 The calculated optical properties of the DC fiber 10 of Fig. 2, are given in Table 
1. 



TABLE 1 

Optical Properties for Fiber of Figure 2 



Wavelength (nm) 


1550 


1580 


1610 


Dispersion (ps/nm-km) 


-98 


-155 


-220 


Dispersion Slope (ps/nm^-km) 


-1.61 


-2.17 


-1.92 




16.3 


19.3 


25.1 


LPo2 Cutoff wavelength (nm) 


1790 


1790 


1790 


LP 11 Cutoff wavelength (nm) 


2186 


2186 


2186 


Bend loss (about 4-inch hub) (dB/km) 


5x10-" 


5.2 X 10"'^ 


3x10-'^ 



[0042] A relative index profile of a second embodiment of DC fiber 50 according to the 
invention is illustrated in Fig. 4, which shows relative refi-active index percent charted 
versus the DC fiber radius. Although Fig. 4 shows only six discrete segments, it is 
understood that the function or requirements may be met by forming a DC fiber having 
more or less than six segments. However, embodiments having fewer segments are 
usually easier to manufacture and are therefore preferred. DC fiber 50 can be 
manufactured via the same variety of methods as DC fiber 10. Further, DC fiber 50 uses 
a doping scheme for the segments associated therewith similar to that of compensation 
fiber 10. 

[0043] In the example illustrated in Fig. 4, DC fiber 50 includes a central core segment 52, a 
depressed moat segment 54, a first intermediate segment 56, and annular ring segment 58, 
a second intermediate segment 60, a gutter segment 62, and a cladding layer 64. 

[0044] The central core segment 52 of DC fiber 50 has a maximum relative refi-active index 
percent 70, A,, preferably within the range of firom about 1.2% to about 1.8%; more 
preferably of within the range of fi-om about 1.37% to about 1.67%; and most preferably 
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of within the range of from about 1.44% to about 1.60%. Central core segment 52 
also has an outer radius 80, r^ within the range of from about 1.7 |xm to about 2.5 ^m; 
more preferably of within the range of from about 1.89 fim to about 2.21 ]im; and most 
preferably within the range of from about 1.95 jim to about 2.1 1 \im. The radius 80, r^, is 
defined by the intersection of the profile of central core segment 52 with the horizontal 
axis 53 corresponding with the profile of cladding layer 64, i.e., A% = 0 as a reference. 

[0045] The depressed moat segment 54 of the DC fiber 10 is formed on the periphery of core 
segment 52 and has a minimum relative refractive index percent 72, , of within the 
range of from about -1.2% to about -0.7%; more preferably of within the range of from 
about -1.05% to about -0.86%; and most preferably of within the range of from about - 
1.00% to about -0.90%. The depressed moat segment 54 also has an outer radius 82, r^, 
within the range of from about 3.7 ^m to about 5.5 ^m; more preferably of within the 
range of from about 4.14 ^m to about 5.06 \xm; and most preferably of within the range of 
from about 4.37 [im to about 4.83 ^im. The outer radius 82, t^, of moat segment 54 is 
measured to the intersection of first moat segment 54 and first intermediate segment 56. 
In the illustrated example, the outer radius 82, t^, is defined by the intersection of the 
profile of moat segment 54 with the horizontal axis 53 corresponding with the profile of 
cladding layer 64, i.e., A% = 0 as a reference. 

[0046] The first intermediate segment 56 of the DC fiber 50 is formed on the periphery of the 
depressed moat segment 54 and has a relative refractive index percent, Aj , of within the 
range of from about -0.1% to about 0.1%; and more preferably within the range of from 
about 0.0% to about 0.1%. First intermediate segment 56 also has an outer radius 84, r^, 
within the range of from about 5.1 \im to about 7.9 ^m; more preferably of within the 
range of from about 5.76 \im to about 7.04 fim; and most preferably of within the range of 
from about 6.08 ^m to about 6.72 ^m. The outer radius 84, r^, is measured to the 
intersection of first intermediate segment 56 and ring segment 58. As illusfrated, the 
outer radius 84, r^, is defined by the intersection of the profile of ring segment 58 with 
horizontal axis 53 corresponding with the profile of cladding layer 64, i.e., A% = 0 as a 
reference. 
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[00471 The annular ring segment 58 of fiber 50 is formed on the periphery of first 
intermediate segment 56 and has a relative refractive index percent 74, , within the 
range of from about 1.1% to about 1.8%; more preferably within the range of from about 
1.32% to about 1.62%; and most preferably within the range of from about 1.40% to 
about 1.54%. Ring segment 58 also has a width 86 within the range of from about 0.8 jim 
to about 1.3 ^m; more preferably within the range of from about 0.90 i^m to about 1.27 
Hm; and most preferably within the range of from about 1.05 (im to about 1.21 ^m. The 
base width 86 of ring segment 58 is defined by the distance between the two points of 
intersection between the profile of ring segment 58 with horizontal axis 53 corresponding 
with the profile of the cladding layer 64, i.e., A% = 0 as a reference. 

[0048] The second intermediate segment 60 of the DC fiber 50 is formed on the periphery of 
ring segment 58 and has a relative refractive index percent, A5 , of within the range of 
from about -0.1% to about 0.1%; and more preferably of within the range of from about 
0.0% to about 0.1%. Second intermediate segment 60 also has an outer radius 88, r^, 
within the range of from about 7.7 nm to about 11.5 urn; more preferably of within the 
range of from about 8.64 ^im to about 10.56 ^im; and most preferably of within the range 
of from about 9.12 ^m to about 10.08 i^m. The outer radius 88, r^, is the intersection of 
second intermediate segment 60 and gutter segment 62. As illustrated, the outer radius 
88, r^, is defined by the intersection of the profile of gutter segment 62 with horizontal 
axis 53 corresponding with the profile of cladding layer 64, i.e., A% = 0 as a reference. 

[0049] The gutter segment 62 of the DC fiber 50 is formed on the periphery of second 
intermediate segment 60 and has a minimum relative refractive index percent 76, A^ , of 
within the range of from about -0.13% to about -0.21%; more preferably of within the 
range of from about -0.15% to about -0.19%; and most preferably of within the range of 
from about -0.16% to about -0.17%. Gutter segment 62 also has an outer radius 90, r^, 
within the range of from about 11.0 ^m to about 13.0 ^m; more preferably of within the 
range of from about 1 1.3 ^im to about 12.3 |im; and most preferably of within the range of 
from about 1 1 .5 (a.m to about 12.0 |im. The outer radius 90, r^, of gutter segment 62 is the 
intersection of gutter segment 62 and cladding layer 64. In the illusfrated example, the 
outer radius 90, r^, is defined by the intersection of the profile of gutter segment 62 with 
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horizontal axis 53 corresponding with the profile of cladding layer 64, i.e., A% = 0 as a 
reference. 

[0050] The outer radius 90, r^, of gutter segment 62 is also the inner radius of cladding layer 
64. Cladding layer 64 surrounds gutter segment 62 and has a relative refractive index 
percent, A^, of approximately 0%, and an outer radius r^, of about 62.5 [xm. The 
cladding layer is preferably substantially pure siUca. 

[0051] The DC fiber 50 of the present invention exhibits a very linear dispersion slope within 
a wavelength band of from about 1550 ran to about 1610 rmi. This overall dispersion 
slope is illustrated in Fig. 5, which shows overall dispersion for a 100 km span of LEAF® 
versus wavelength of the signal to be compensated. Specifically, Fig. 5 shows the values 
for overall dispersion 100, as well as the positive overall deviation 102 and negative 
overall deviation 104 therefrom. 

[0052] Table 2 Usts the calculated optical properties of the DC fiber 50 of Fig. 4 as well as 
the optical properties of a DC fiber similar to compensation fiber 50 of Fig. 4 but 
including a 0.05% updoping in each of the segments 50 through 62 and cladding layer 64. 



TABLE 2 

Optical Properties for Fiber of Figure 4 



Doping Levels 


0% Updoping 


0.05% Updoping 


Dispersion (ps/nm-km) at 1580 nm 


-157 


-160 


Dispersion slope (ps/nm -km) at 1580 nm 


-2.18 


-2.25 


A^(^m^) at 1580 nm 


18.3 


18.3 


MFD(nm)at 1580 nm 


4.5 


4.5 


Straight fiber cutoff wavelength (nm) 


2164 


1941 


LPo2 Cutoff wavelength (nm) 


1818 


1758 


LP 11 Cutoff wavelength (nm) 


2164 


1941 


Bend loss (about 4-inch hub) dB/km at 1580 nm 


3.63x10"^^ 


4.69x10"^^ 
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[0053] A DC fiber 10 (or 50) manufactured in accordance with the present invention may 
be used in an optical fiber communication system 110, as shown in Fig. 6. System 110 
includes an optical transmitter, T, 112 adapted to transmit an optical signal in a direction 
indicated by an arrow 114 through an optical wave guide transmission fiber 116 (e.g., a 
non-zero dispersion shifted fiber such as LEAF® fiber) and DC fiber 10, 50 which is in 
optical communication with transmitter 112 and transmission fiber 116. The DC fiber 10 
(or 50) is in optical communication with transmission fiber 116 and also with an optical 
receiver 118 adapted to receive the optical signal 114. Fiber 10, 50 may be employed 
within system 110 in a coil form, within a box, or in any other form or packaging as 
known in the art. In most systems, both ends of transmission fiber 116 and DC fiber 10 
(or 50) will be capable of two-way signal transmission, and transmitter 112 and receiver 
118 are shown for illustration only. The transmission system 110 may include other 
system components such as a pre-amplifier 115 and a power amplifier 117, for example. 
Optionally, the amp 117 may be optically coupled with one or more additional length 
sections of transmission fiber rather than terminating at receiver 118. Similarly, the pre- 
amplifier 115 and power amplifier 117 may be combined into, or replaced by a single 
amplifying unit. 

[0054] Fig. 7 illustrates a plot of dispersion vs. wavelength over the wavelength band firom 
1550 to 1610 ran. In the illustrated embodiment, the DC fiber has a refiractive index 
profile selected to provide a dispersion having a maximum deviation of less than about 7 
ps/nm-km within a wavelength band of fi-om about 1550 nm to about 1610 ran; and more 
preferably less than 5 ps/nm-km within the wavelength band of from about 1550 nm to 
about 1610 nm. The maximum deviation is measured by locating the end points 91 and 
93 at 1550 nm and 1610 nm respectively on the dispersion plot 92. A straight connecting 
chord line 94 is drawn connecting points 91 and 93. The maximum deviation is where 
the maximum vertical separation between the dispersion plot 92 and the connecting chord 
line 94 is located (as measured vertically along the dispersion axis as indicated by arrows 
labeled 95). As illustrated by the plot of deviation versus wavelength shown in Fig. 8 and 
the dispersion plot of Fig. 7, the maximum deviation on the plotted deviation curve 96 
and dispersion plot 92 occurs at point 97. The linearity of the plot of dispersion of the 
DC fiber 10 (or 50) is important as it allows the dispersion of the transmission fiber to be 
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very closely matched thereby better compensating for dispersion for in the 
transmission system over the entire wavelength band (1550 nm to 1610 nm). 

[0055] Fig. 9 illustrates an extrapolation line 98 of the chord 94 interconnecting the end 
points 91, 93 of the dispersion plot of Fig. 7. For the DC fiber in accordance with the 
invention, it is desirable that this linear extrapolation of the chord 98 crosses the zero 
dispersion line (has a projected zero dispersion) at a point 99 located at a wavelength 
between 1400 nm and 1520 nm; more preferably between 1490 nm and 1510 nm. 

[0056] It will be become apparent to those skilled in the art that various modifications to the 
preferred embodiment of the invention as described herein can be made without departing 
from the spirit or scope of the invention as defined by the impended claims. Thus, it is 
intended that the present invention covers the modifications and variations of this 
invention provided they come within the scope and appended claims and their 
equivalents. 



